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ABSTRACT 


Carbon steel (1010) and aluminum alloy (7178-16) panels were 
exposed at the surface (23 to 286 days) and at 6,000-foot depth (189 days) 
in the Pacific Ocean (1) to determine the effects of fouling organisms on the 
corrosion rate and (2) to compare the biological corrosion rate of identical 
test panels submerged at the two depths. Seawater samples obtained at the 
surface and at depth were analyzed for dissolved oxygen concentration, pH, 
salinity and temperature. Bacteriological tests were also conducted on seawater 
samples. The test panels were submerged in the sea as follows to obtain data 
on corrosion rates: (1) enclosed inside an initially sterile plastic cylindrical 
chamber with both ends sealed with membrane filters (contro! panels), 
(2) placed inside a cylinder covered with 210-mesh nylon screen cloth, 
(3) placed inside a cylinder with both ends uncovered, and (4) attached to a 
phenolic plastic strip (exposed panels). The control specimens became contam- 
inated; however, from corrosion data obtained on test panels exposed on the 
seafloor in 6,000 feet of water, it is concluded that slime films played a signif- 
icant role in accelerating corrosion of test specimens. Test panels exposed at 
the surface corroded at faster rates than replicate test panels which were 
exposed on the seafloor in 6,000 feet of water. The corrosion rates of both 
steel and aluminum alloy panels approach constancy after extended exposure 
in the sea. The various environmental factors and their effects on the corrosion 
rates at the surface of the sea and at great depth on the seafloor are discussed. 
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INTRODUCTION 


Corrosion is the deterioration of materials through chemical and 
electrochemical attack. It isa very complex form of material deterioration. 
Despite intensive research and experimentation, '“? there is a lot to learn about 
corrosion processes of metals and metal alloys submerged in the sea. Corrosion 
in the hostile hydrospace environment will continue to be a problem of major 
importance to marine engineers and designers. 

When materials are submerged in the sea, the submerged object soon 
becomes covered with marine growth.? LaQue and Clapp* have found that 
certain species. of marine organisms accelerate corrosion. The attachment of 
marine organisms on the surface of metals and metal alloys could be an impor- 
tant contributing factor in the complex corrosion process by producing local 
changes in dissolved oxygen concentration, pH, and oxidation—reduction 
potential. For example, pitting occurs under barnacle shells as a result of a 
difference in oxygen concentration,®® and sulfate-reducing bacteria associated 
‘with anaerobic corrosion’? are known to produce hydrogen sulfide under 
(1) corrosion products formed over metal surfaces, (2) deteriorating paint 
film, and (3) decaying organisms. Various species of microorganisms are also 
found to be responsible for the corrosion of metals and metal alloys in the 
marine environment.® '© 

In order to study the importance of fouling organisms and their effects 
on corrosion rates of metals, an experimental method must be devised whereby 
the control panels exposed in the sea will be free of marine growth during the 
exposure period. The corrosion rate of the fouling-free test panels could then 
be compared to test panels which were exposed to maximum marine growth 
in the sea. 

Himmelfarb and others'’ have conducted a short-term (1-week) marine 
exposure study to determine the effects of bacterial slime growth on corrosion 
of aluminum and copper. The control panels were kept free of any bacterial 
slime growth by placing the test panel inside a plastic dish filled with sterile 
distilled water and sealed with a 0.45-micron porosity membrane filter. Refer- 
ence 11 states that a sterile condition can be maintained inside the plastic dish 
and that seawater will quickly replace the distilled water by diffusion through 
the membrane filter. 


Presented in this report are the results of a long-term marine exposure 
study which was conducted to determine the effects of marine fouling on the 
corrosion rate of 1010 carbon steel and 7178-T6 aluminum alloy. The test 
panels were exposed at the surface of the sea and also on the seafloor in 6,000 
feet of water. To compare the corrosion rates between fouling-free panels and 
heavily fouled panels, the fouling-free or control panels were placed inside a 
specially designed initially sterile cylindrical test chamber sealed with 
0.45-micron porosity membrane filters. For maximum fouling effects, the 
unprotected or exposed panels were secured to plastic strips and exposed 
to the seawater environment. Other test panels were exposed at the surface 
of the sea by placing them inside plastic cylinders with ends covered with a 
fine mesh plastic screen and also inside cylinders with ends left uncovered. 
The latter two tests were conducted primarily to determine the effects of 
tidal currents on corrosion and to compare the corrosion rates with exposed 
panels. The latter panels would all be subjected to attachment by various 
marine fouling organisms and to the effects of other marine environmental 
factors. 

Seawater samples were collected from inside recovered test chambers 
sealed with membrane filters and analyzed for dissolved oxygen concentration, 
pH, salinity and water temperature. Seawater samples from 10 feet below the 
surface of the sea (at high tide) and also from 6,000 feet below the surface of 
the sea were collected and similarly analyzed. Bacteriological analyses were 
also conducted on these seawater samples. The information about the sea- 
water environment in which the test panels were exposed is essential in 
evaluating corrosion of metals and metal alloys. 

For exposure of test specimens on the seafloor in 6,000 feet of water, 
the specimens were placed on a Submersible Test Unit (STU) and it was 
emplaced on the deep-ocean floor in the Pacific Ocean for a period of 189 
days (6.3 months). 


MATERIALS AND EXPERIMENTAL METHODS 
Preparation of Test Specimens 


The test specimens used in this study were made of 1010 carbon steel 
and 7178-T6 aluminum alloy and measured 1/8 x 1 x 3 inches. Some 6-inch- 
long specimens were also used. A 1/4-inch-diameter hole was drilled at each 
end of the panels for assembly purposes. The test panels were treated as 
follows before exposure in the sea: 


1. The carbon steel panels were cleaned in an ultrasonically vibrated tank 
containing 10%, by weight, ammonium citrate solution heated to 150°F. 
The panels were then washed in hot running water, scrubbed with a fiber 
bristle brush, washed in hot running water, dipped into distilled water, 
rinsed in absolute ethy! alcohol, and then dried in a current of warm air. 


2. The aluminum alloy panels were cleaned in an ultrasonically vibrated tank 
containing concentrated nitric acid at room temperature, and then washed, 
scrubbed, rinsed, and dried similarly to carbon steels. 


3. The cleaned panels were weighed, measured, and stored in a room in which 
the relative humidity was maintained at 20%. 


4 Prior to assembly and placement inside test chambers, the test panels were 
sterilized by dipping in ethyl alcohol. These were assembled together (2 to 

4 panels) by inserting nylon rods through the holes located at both ends of the 
test panels. The metal panels were kept apart with short pieces of vinyl tubing 
placed between the test panels over the nylon rod to prevent galvanic corrosion. 


Design of Plastic Test Chambers 


As shown in Figure 1, the test chambers were made from a 1/4-inch- 
thick, 4-inch diameter, clear, transparent acrylic plastic tubing cut into 2-inch 
lengths. A 1-inch diameter hole was drilled through the cylinder wall and it 
was plugged with a rubber stopper (water samples were obtained through this 
hole). The open ends of the cylinders were treated in different ways as follows: 


1. Covered with 0.45-micron porosity membrane filters. The thin 
filters were sandwiched in between two 210-mesh (0.0083-inch) nylon screen 
cloths to prevent rupture. These were in turn placed between two plastic end 
plates (Figure 1) and cemented together around the edges with a silicone adhe- 
sive. The test panels were then secured inside the cylinder with these end plates 
using machine screws. A silicone adhesive was used around the edges to serve 
as a sealant and gasket to prevent leaks. The test chamber was specially designed 
to facilitate continuous free exchange of seawater only through the membrane 
filter. After the sterilized test panels were aseptically placed inside the test 
chamber and both ends sealed with membrane filters, the chamber was filled 
with seawater by either submerging it in the sea or by placing the test chamber 
in a plastic container filled with filtered seawater. From laboratory tests, it was 
found that it takes about 30 minutes to fill a 350-m! volume test chamber 
(without a rubber stopper) with seawater flowing through the membrane filter; 
also from laboratory tests, the dissolved oxygen concentration, salinity, and 


Figure 1. Cylindrical test chamber with assembled control panels inside. The end 
plate with membrane filter is shown at right. 


pH of seawater samples inside and outside the test chamber were found to be 
identical. The test specimens which were placed inside these test chambers 
were intended to serve as control panels.* 


2. Covered with a 210-mesh nylon screen cloth. Nylon screen cloth 
was placed between two plastic end plates that were cemented together along 
the edges, and these end pieces were sealed with silicone adhesive and attached 
to the cylinder with machine screws. Only microorganisms and larval forms 
of marine organisms can pass through the nylon screen cloths. The flow of 
seawater (currents) through the screen is very slight. 


3. Uncovered. The plastic end plates without any coverings were 
placed over the ends of the test cylinder primarily to retain test specimens 
inside. The test panels would be subjected to fairly strong currents flowing 
through the uncovered ends and to attachment by various marine organisms. 


* These specimens became contaminated with bacteria, as is discussed later in this report. 


The above plastic cylinders with test specimens were attached to 
cylindrical stainless steel brackets, which were secured to a 10-foot-long 
aluminum corrosion rack and exposed in the sea (Figure 2). 


Design of Plastic Specimen-E xposure Strips 


For total marine exposure (not in test chambers), some test panels 
were also secured to a 1/8 x 2 x 12-inch plastic strip with nylon nuts and 
bolts. The plastic strips were cut from phenolic laminated plastic sheet. A 
small plastic washer was placed between the test panel and the plastic strip 
to expose as much metal surface area as possible to the seawater environment. 
The phenolic strips with test panels, together with test cylinders were then 
secured to a 10-foot-long aluminum corrosion rack for exposure in the sea 
(Figure 2). These panels are designated exposed panels. 

The length of submergence, the number of test panels placed inside 
each test chamber and on plastic strips, and other information are presented 
in Table 1. 


Sterilization of Test Chambers 


The plastic test chambers covered with membrane filters and the rubber 
stoppers were sterilized by submerging them in a 0.25% chlorine solution 
(sodium hypochlorite) for 20 minutes. The germicidal effects of this chlorine 
concentration in distilled water was tested by inoculating the solution with 
various species of marine bacteria and conducting a standard laboratory 
bacteriological test on the inoculated water samples. It was found that the 
0.25% chlorine concentration destroyed all the bacteria present in the water 
within 5 minutes. 


Shallow-Water Exposure Site 


Test specimens were submerged in the sea off the end of 400-foot-long 
Point Mugu Pier, which is located at the head of the Mugu Canyon facing the 
open ocean (Figure 3). The water depth is about 20 to 25 feet during high 
tide at this location. It was believed this location would subject the test panels 
to strong tidal currents and to attachment by various fouling organisms nor- 
mally found in this area. Rough seas are normally encountered during the 
winter months (December to March). 


Figure 2. Cylindrical test chambers and plastic strips with test panels attached to 
a 10-foot-long corrosion rack for exposure in the sea. 
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Analysis of Seawater 


Chemical Tests. Seawater samples were collected at (1) 10 feet below 
the surface (at high tide) because the test specimens were submerged at this 
depth, and (2) from inside the recovered test chambers covered with membrane 
filters. The seawater samples were tested for dissolved oxygen concentration, 
pH, salinity, temperature, and microorganisms. The seawater samples from 
inside the test chamber sealed with membrane filters were carefully collected 
using an automatic pipetting device (Figure 4). This device was used primarily 
because it collects seawater without exposing it to aeration during collecting 
operation. The dissolved oxygen values were determined by the Winkler 
Method and the salinity values were determined by means of an inductive 
salinometer using Copenhagen seawater as a standard. The pH was determined 
by using a Beckman Model N pH Meter. 


¥ 


Figure 4. Automatic pipetting device used to collect undisturbed seawater samples 
for chemical analyses from inside a cylindrical test chamber. 
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Figure 5. Sterile syringe is used to collect seawater sample through countersunk 
hole in rubber stopper for bacteriological analysis. 


Bacteriological Tests. The seawater samples from inside the recovered 
test chambers covered with membrane filters were obtained aseptically by 
inserting the needle of a sterile hypodermic syringe through a countersunk 
hole in the rubber stopper, the exposed part of which was cleaned, washed, 
and sterilized with ethyl alcohol (Figure 5). A sterilized ZoBell bacteriological 
water sampler was used to collect seawater samples from 10 feet below the 
surface (at high tide) off the end of Point Mugu Pier for bacteriological analyses. 

In the laboratory, the collected water samples were filtered through a 
0.45-micron membrane filter. Upon completion of the filtration, the filters 
were placed on the surface of a nutrient agar medium to culture the viable 
microorganisms caught on their surfaces. The nutrient medium was developed 
by Morita and ZoBell for growing marine bacteria.'* After several days of 
incubation, the small bacterial colonies growing on the surface of the filter 
papers were examined and counted under a stereoscopic microscope. 
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Evaluation of Test Specimens 


After the test specimens were recovered from the sea, they were 
examined visually for gross corrosion damage and fouling attachment. The 
corrosion products and the attached fouling organisms were then removed 
from the test specimens as described under ‘Preparation of Test Specimens.” 
The panels were processed twice through the chemical cleaning procedure 
and the final weight change determined and recorded. The weight loss due 
to chemical cleaning on control panels was also determined and taken into 
account during final evaluation of marine corrosion. The weight losses due 
to corrosion are expressed in milligrams lost per square decimeter of exposed 
surface per day (mdd). This unit was converted to indicate depth of penetra- 
tion as mils per year (mpy). 


RESULTS AND DISCUSSION 
Shallow-Water Tests 


Exposure Test No. 1 (70, 112, and 268 Days). The carbon steel and 
aluminum alloy test panels were exposed in the sea beginning in the month 
of January in two ways as follows: (1) placed inside cylindrical test chambers 
sealed with membrane filters (control panels), and (2) placed on phenolic 
plastic strips (exposed panels). 

When the panels were recovered after 70 days in the sea, the exposed 
steel and aluminum alloy panels were covered primarily with a light growth 
of Ectocarpus (brown algae), hydroids, and corrosion products (Figure 6). 
The control panels were free of any marine growth. However, the surfaces of 
these control steel panels were covered uniformly with a fine, powder-like 
red rust (Figure 7). A small amount of white corrosion products had formed 
over the edges and ends of control aluminum alloy panels; however, the sur- 
faces were relatively free of such corrosion products (Figure 8). The condition 
of the exposed and control panels after undergoing chemical cleaning is shown 
in Figures 9 through 13. The surfaces of exposed steel panels were irregular 
(rough), while the surfaces of the control panels were relatively smooth. The 
exposed aluminum alloy panels had numerous shallow and deep pits over their 
surfaces. Severe corrosion had also occurred along the edges and ends of these 
panels. On the other hand, the control aluminum alloy panels were free of 
surface corrosion or pittings, but minute corrosion did occur along the edges 
and ends of these panels. 
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Figure 6. Exposed test specimens on a plastic strip covered with marine growth and 
corrosion products (70 days). Top—steel; bottom—aluminum alloy. 


Figure 7. Steel control panels removed from test chamber are covered with powderlike 
red dust particles (70 days). 
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Figure 8. White corrosion products are present on the edges and ends of control 
aluminum alloy panels exposed inside a test chamber (70 days). 


AFTER CLEANING - STEEL 


Figure 9. Chemically cleaned steel exposed panels showing irregular surface corrosion 
(70 days). 
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Figure 10. Chemically cleaned steel control panels showing uniform surface corrosion 
(70 days). (Same panels shown in Figure 7.) 


Figure 11. Chemically cleaned aluminum alloy exposed panels showing pitting 
corrosion over surfaces (70 days). (Same panels shown in Figure 6.) 
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Figure 12. Severe corrosion found along edges of aluminum alloy exposed panels 
(70 days). (Same panels shown in Figures 6 and 11.) 


Figure 13. Aluminum alloy control panels were free of pitting corrosion on surfaces 
(70 days). (Same panels shown in Figure 8.) 
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The corrosion rates of test panels exposed for 70 days in the sea 
are presented in Table 2. The corrosion rates of steel control panels were 
1.12 mpy as compared to 13.80 mpy for exposed panels. The corrosion rates 
of aluminum alloy control panels were 0.42 mpy as compared to 8.19 mpy for 
exposed panels (Table 2). 

When bacteriological tests were conducted on seawater samples 
collected from inside the initially sterile cylindrical test chambers, approxt- 
mately 1,000 bacteria (single species) per ml of seawater were isolated. It 
is not Known what effect these bacteria had on the corrosion rates of control 
test panels, nor is it known how or when the seawater became contaminated 
with these microorganisms. 

Further bacteriological tests conducted on the bacteria collected from 
the water samples showed that these were small gram-negative, spore-forming, 
rod-shaped bacteria. These bacteria grew exceptionally well and rapidly ina 
test tube containing nutrient broth made with seawater, but grew very slowly 
and very poorly:in a nutrient broth made with distilled water. Identical 
bacteria were isolated from inside sterile test chambers used in Exposure 
Tests nos. 2 and 3. 

Dissolved oxygen concentration was not determined from these water 
samples because large amounts of air were introduced into the samples during 
collecting operation. The automatic pipetting device was not available for use 
at this time. 

The exposed steel and aluminum alloy specimens submerged In the 
sea for 112 days were covered with a denser marine growth than the 70-day 
panels. Fouling on the panels included barnacles, calcareous tubeworms, 
branching and encrusting bryozoans, some algae, kelp, and corrosion products 
(Figure 14). After the corrosion products and marine growth were removed 
from these panels by washing, scrubbing, and cleaning in a chemical solution, 
the steel showed some corrosion on the surface (irregular surface) as shown 
in Figure 15. The aluminum alloy showed pitting on the surface (Figure 16) 
and also severe corrosion along the edges of the panels (Figure 17). The steel 
and aluminum alloy control panels were relatively free of corrosion and pitting 
(Figure 18), but there was some corrosion along the edges of aluminum alloy 
panels (Figure 19). The average corrosion rates for the 112 days of exposure 
are presented in Table 2. Bacteria were again found in seawater samples in 
which control panels were exposed. 

After 268 days in the sea, the exposed steel and aluminum alloy 
panels were completely covered with a very dense growth of branching bryo- 
zoans (Figure 20). Underneath this growth, other sessile organisms such as 
tubeworms, barnacles, and encrusting bryozoans were found attached to the 
surfaces of the test panels (Figures 21 and 22). The surfaces of the carbon 


ee 


steel specimens were covered with a thick red rust on which were fouling 
organisms. Since the surfaces of the aluminum alloy. panels were not covered 
with a layer of corrosion products, large numbers of marine organisms were 
attached directly onto the surface and were very difficult to remove. The 
3/4-inch-diameter baseplate of a barnacle was securely attached to the surface 
of an aluminum panel, and it was especially difficult to remove (Figure 22). 


Figure 14. Exposed carbon steel (top) and aluminum alloy (bottom) panels 
covered with marine growth and corrosion products (112 days). 
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Figure 16. Exposed aluminum alloy panels after chemical cleaning showing pitting 
corrosion over surfaces and crevice corrosion around edges of holes 
(112 days). 
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(112 days). 


Figure 18. Chemically cleaned carbon steel (top) and aluminum alloy (bottom) 
control panels which were exposed inside test chambers (112 days). 
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Figure 19. Slight corrosion is found along edges of aluminum alloy control panels 
exposed inside test chamber (112 days). 
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Figure 20. Dense marine growth and heavy corrosion products formed over 
exposed steel and aluminum alloy test specimens (268 days). 
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Figure 21. Encrusting bryozoan (left panel), tubeworms, barnacles, and coating of 
rust found over exposed steel panels. (Same panels shown in Figure 20.) 


Figure 22. Tubeworms, large baseplate of barnacle (center panels), and pitting 
corrosion found over aluminum alloy exposed panels. (Same panels 
shown in Figure 20.) 
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The membrane filter coverings over cylindrical test chambers in 
which the control panels were placed were found to be ruptured when the 
test chambers were recovered after 268 days in the sea. The acrylic plastic 
cylinders were covered primarily with branching and encrusting bryozoans 
and hydroids (Figure 23). The steel panels which had been placed inside 
one of these cylinders were covered uniformly with a paperlike thin film of 
red rust instead of the powderlike flaky red rust found on control panels 
exposed 70 and 112 days (Figure 24). The aluminum alloy panels were 
relatively free of corrosion products. However, there were a few calcareous 
tubeworms growing on the panels (Figure 24). The chemically cleaned 
exposed and control panels are shown in Figures 25 through 27. The corro- 
sion rates of the panels exposed for 70, 112, and 268 days in the sea are 
presented in Table 2 and shown graphically in Figure 28. 


Exposure Test No. 2 (64 and 92 Days). The test panels were exposed 
in the sea beginning in the month of November. The corrosion rates were 
obtained by exposing the test panels in four different ways as follows: 


1. Placed inside initially sterile cylindrical test chambers sealed with 
membrane filters (control panels). The sealed chambers with test specimens 
were filled with seawater by carefully submerging them in the sea at the expo- 
sure test site. 


2. Placed inside cylindrical chambers with both ends covered with a 
nylon screen (Figure 29). 


3. Placed inside cylindrical chambers with ends left open (Figure 30). 
4. Placed on 2-inch-wide phenolic plastic strips (exposed panels). 


After 64 days the steel and aluminum alloy control panels were free 
of any fouling growth, however, these panels were exposed to microorganisms 
that invaded the initially sterile cylinders sealed with membrane filters. The 
bacteria were morphologically similar to those isolated in Exposure Test No. 1. 
The exposed aluminum alloy panels (Figure 31) were covered with branching 
bryozoans and numerous small mussels (1/16-inch). The steel panels were 
covered with layers of loose corrosion products on which there were a few 
small mussels. Other marine organisms may have been washed off together 
with the loose corrosion products by currents. The panels placed inside 
cylinders with ends open were similarly affected. 
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Figure 23. Dense marine growth (bryozoans) on cylindrical test chambers after 


268 days in the sea. 
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Figure 24. 


Carbon steel (top) and aluminum 
alloy (bottom) control panels. 
Surfaces of steel panels covered 
with uniform coating of paper- 
thin corrosion products. Several 
tubeworms are present on the 
surfaces of aluminum alloy panels 
(268 days). The test panels were 
in cylindrical test chambers with 
ruptured membrane filter seal. 


Figure 25. Chemically cleaned exposed (left) and control (right) steel panels. 
Surface corrosion is more irregular over exposed panels than over 
control panels (268 days). (Same panels shown in Figures 21 and 24.) 


Figure 26. Chemically cleaned exposed (right) and control (left) aluminum alloy 
panels. Same panels shown in Figures 22 and 24. Severe pitting corrosion 
and also crevice corrosion are present over exposed (right) panels. Very 


light pitting and crevice corrosion were formed over control (left) panels 
(268 days). 
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Figure 27. Corrosion along the edges and ends of exposed aluminum alloy panels is 
much more severe than over the edges and ends of control aluminum alloy 
panels (268 days). 
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Figure 28. Corrosion rate of carbon steel and aluminum alloy exposed near ocean 
surface for 70, 112, and 268 days. 
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Figure 30. Plastic cylinder with its ends uncovered (64 days). 
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Figure 31. Marine growth and corrosion products covering the surfaces of exposed 


aluminum alloy (top) and steel (bottom) specimens on a plastic strip 
(64 days). 


The effect on panels of exposure in the sea in various ways for 92 days 
was similar to the effect of exposure for 64 days. However, the panels (other 
than control panels) were covered with a larger and denser marine growth 
(Figure 32). Two-inch-long hydroids, 1/2-inch-diameter barnacles, and numer- 
ous 1/8-inch mussels were found on the panels. Microorganisms were again 
isolated from inside cylinders containing control panels. During early parts of 
the exposure period in the sea, dense growth of Ectocarpus (brown algae) was 
noticed on the panels exposed for 64 and 92 days. The panels were free of 
other marine growth. 

Seawater was found inside the nylon-screen-covered cylinders (both 
the 64- and the 92-day) when placed on the deck of the pier; however, as 
soon as the rubber stopper was removed, the seawater poured out through 
the screen. The screen was covered with fine silt, debris and dense marine 
growth. A layer of fine silt about 3/4-inch thick was found trapped at the 
bottom section of the cylinders. The silt was probably washed through the 
fine mesh screen openings during the early part of the exposure and was 


30 


—— 


trapped inside. The bottom portion of the silt was black indicating that 
sulfate-reducing bacteria were present in the mud and had produced hydro- 
gen sulfide. Although a seawater sample was not obtained for dissolved 
oxygen analysis, the production of hydrogen sulfide by the bacteria had no 
doubt occurred in an anaerobic environment; therefore, it can be assumed 
that there was very little oxygen present inside the fine nylon-screen-covered 
cylinders toward the latter part of the test. In this environment, only calcar- 
eous tubeworms were found growing on the test panels and other species of 
fouling organisms were absent. 
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Figure 32. Marine growths and corrosion formed over test panels exposed for 


92 days in different ways. Left to right: in control chamber, nylon- 
screen-covered chamber, uncovered chamber, and on plastic strip. 
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The corrosion rates and other pertinent information on control and 
exposed test specimens submerged in the sea for 64 and 92 days are presented 
in Table 3. The information on corrosion rates is also shown graphically in 
Figures 33 and 34. Examination of the control and exposed panels after 
these were chemically cleaned showed that the panels corroded similarly to 
panels in Exposure Test No. 1. Since the corrosion of various metals and 
alloys in seawater is greatly dependent on the amount of dissolved oxygen 
supplied to the metal surface, seawater samples from the initially sterile test 
chambers sealed with membrane filters (control) and also seawater from 
10 feet below the surface were collected at high tide and analyzed. The results 
obtained on seawater analysis are presented in Table 4. The dissolved oxygen 
concentration in test chambers containing control carbon steel and aluminum 
alloy panels was lower than in seawater collected from 10 feet below the sur- 
face at Point Mugu Pier. This could be one of the reasons for the low corrosion 
rate experienced by the carbon steel and aluminum alloy control panels. 


Exposure Test No. 3 (23 and 43 Days). The test panels were exposed 
in the sea during the summer months, whereas in Exposure Test Nos. 1 and 2, 
the panels were exposed in the sea during the winter months. The procedure 
for submerging the test panels in the sea was similar to that for Exposure 
Test No. 2. The initially sterile test cylinders sealed with membrane filters 
were filled with filtered seawater in the laboratory prior to exposing them in 
the sea. The risk of rupturing the thin membrane filter is reduced using this 
method. 

When the carbon steel and aluminum alloy exposed panels were 
recovered and examined, the panels were covered primarily with a very light 
growth of hydroids, and branching and encrusting bryozoans. Only a trace 
of Ectocarpus (brown algae) growth was present on these panels. The control 
panels were free of marine growth. However, microorganisms were again 
found in seawater samples containing the control panels inside cylindrical 
chambers sealed with membrane filters. The morphology of these bacteria 
was similar to that of the bacteria found in previous exposure tests. The 
effect of these microorganisms on corrosion rates is not known. The dissolved 
oxygen concentration of the seawater in which the control panels were exposed 
was low compared to the concentration in the seawater samples collected 
10 feet below the surface of the sea at Point Mugu Pier. Other pertinent infor- 
mation on the seawater environment is presented in Table 4. Such information 
is helpful in evaluating corrosion rates of test panels which were exposed in 
the sea under varying conditions. 


32 


Corrosion Rate (mpy) 


Corrosion Rate (mpy) 


30 


oO Exposed on plastic strip 
aE GO  Cylinder—ends left open 
T 
VY Cylinder—ends covered with nylon 
screen cloth 
go Cylinder—ends covered with membrane 
20 filter 
10 r —o 
5 ee + 
a 
a SS ee) 
10) fa oa © Nor ate aa 
0 25 50 75 


Length of Exposure (days) 


100 


Figure 33. Corrosion rates of 1010 carbon steel near ocean surface after 23, 43, 64, 
and 92 days under various conditions. 
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Figure 34. Corrosion rates of 7178-T6 aluminum alloy near ocean surface after 
23, 43, 64, and 92 days under various conditions. 
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During recovery of the cylinders covered with nylon screen after 
23 days of immersion, the seawater flowed out. However, seawater was 
retained inside those cylinders which were exposed for 43 days. The screen 
was covered with marine growth, silt, and fine detritus. Inside the cylinders 
exposed for 23 and 43 days, about a 3/4-inch-thick layer of fine silt was 
found trapped at the bottom. The bottom portion of the fine, gray silt had 
turned black, indicating that hydrogen sulfide was being produced by sulfate- 
reducing bacteria in an anaerobic environment. The presence of sulfate-reducing 
bacteria in the sediment samples was confirmed by bacteriological tests using a 
nutrient medium employed by Morita and ZoBell.'2, Only asmall number of 
calcareous tubeworms were found growing on the surface of these test panels. 
Other varieties of marine animals were absent. 

The corrosion rates of the 23- and 43-day panels are presented in 
Table 5 and are shown graphically in Figures 33 and 34. Information on 
weight losses incurred by individual panels during this period is presented 
in Table 6. 

The corrosion rates of carbon steel and aluminum alloy test specimens 
for the three exposure tests have been combined and are shown graphically 
in Figures 35 and 36. The corrosion rates for both carbon steel and aluminum 
alloy panels exposed in cylinders covered with (1) nylon screen, and (2) in 
cylinders with ends left open have been extrapolated for the period between 
92 days and 268 days of exposure. Exposure tests under these conditions 
were not conducted during these periods. 

In general the steel and aluminum alloy test panels which were 
directly exposed to various destructive agents of the ocean environment 
including marine fouling organisms corroded at a much faster rate than those 
test panels which were protected inside cylindrical chambers. 

Some other factors which affect and control corrosion besides marine 
fouling organisms (barnacles, hydroids, bryozoans, mussels and microorganisms) 
and their metabolic and decay products are: 


1. Dissolved oxygen concentration. The corrosion rate of steel in 
seawater is affected by the amount of oxygen supplied to the metal surfaces. '5'4 
After prolonged exposure, the carbon steel starts to produce and accumulates 
a thick layer of rust which protects the underlying metal surfaces from coming 
in contact with fresh seawater. The corrosion rates of such panels approach 
constancy after extended exposure as shown in Figure 35. The fouling orga- 
nisms are usually attached to the layer of rust over the metal surfaces and their 
foothold on these steel panels depends upon the adhesion of the corrosion 
products to the metal surfaces. Aluminum alloys, on the other hand, are 
usually protected by dissolved oxygen which aids in the formation of a thin 


36 


protective coating over the surfaces by oxidation. As shown in Figure 36, 
corrosion rates for aluminum also approch constancy after extended exposure. 
Since aluminum alloys do not produce a uniform layer of thick corrosion 
products over the surface, marine fouling growth, especially barnacles, become 
firmly attached directly onto the surfaces and are very difficult to remove 
(Figure 22). Certain types of fouling attachment may even protect metal 
alloys from corrosion. On the other hand, crevice corrosion does occur under- 
neath barnacle shells attached to certain stainless steel and monel panels.°-® 


2. High current velocities. These cause corrosion by removing loose 
corrosion products and replenishing the cleaned steel surfaces with dissolved 
oxygen thereby increasing corrosion more rapidly. The effect of tidal currents 
on the corrosion rates of test panels exposed at the surface was inconclusive 
as shown in Figures 33 and 34. 


3. Temperature. |n general, the effect of temperature on the corrosion 
rate depends on its influence on the factors controlling the corrosion reaction. ' 
The corrosion rates of test panels exposed at the surface were not significantly 
influenced by changes in water temperature at Point Mugu Pier. 


In addition to the various factors mentioned above which control 
corrosion, a dense growth of Ectocarpus (brown algae) may also have affected 
the corrosion rates by producing and concentrating a microlayer of dissolved 
oxygen over the surfaces of test panels during the early exposure period. A 
dense growth of Ectocarpus was found on panels which were exposed in the 
sea during the winter. However, such dense growth was not detected on 
panels exposed during the summer. 

The combined effects of dense marine growth, high dissolved oxygen 
concentration, current velocities and water temperatures play a significant 
role In promoting corrosion in the sea. 

The effect of marine fouling on corrosion rates of test panels in the 
sea (surface) was not definitely established by the experimental methods used 
in this current study because (1) bacteria were found inside initially sterile 
cylindrical chambers containing control panels and their effect on corrosion 
is not known; and (2) the control and exposed panels were not subjected to 
identical concentration of dissolved oxygen nor to identical current velocities 
because deposits of fine silt, debris, and biological growth over the membrane 
filter prevented the free exchange of fresh seawater between the two environ- 
ments. It is not definitely known whether the lower corrosion rates experienced 
by control panels inside the chambers sealed with membrane filters were caused 
by low dissolved oxygen content or by lack of marine growth. 
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Table 6. Weight Loss Incurred by Each Test Panel® 


Weight Loss (gm) for— 


Test Panels 
23 Days’ Exposure | 43 Days’ Exposure 


Carbon Steel 


Method of Exposure 


Control in initially sterile 
cylinder covered with a 
membrane filter 


0.1539 
0.1472 


0.4006 
0.3020 


Placed inside cylinder with 
ends covered with nylon screen 


P2752 
1.0997 


Placed inside cylinder with 
ends left open 


1.96178 
1.01904 


Exposed on plastic strip 


Control in initially sterile 
cylinder covered with a 
membrane filter 


Placed inside cylinders with 
ends covered with nylon 
screen 


Placed inside cylinders with 
ends left open 


Exposed on plastic strip 


4 Specimen dimensions: 1x3 inches. 


b Specimen dimensions: 1 x 6 inches. 
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Figure 35. Corrosion rates of 1010 carbon steel near ocean surface from data 
presented in Tables 2, 3, and 5. 
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Figure 36. Corrosion rates of 7178-T6 aluminum alloy near ocean surface from 
data presented in Tables 2, 3, and 5. 
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Deep-Ocean Exposure Test 


Identical test specimens which were immersed at the surface at 
Point Mugu Pier were also exposed in the deep-ocean environment to com- 
pare biological corrosion rates. Only exposed and control test specimens 
were placed on STU |-5,* which was emplaced on the seafloor in 6,000 feet 
of water for a period of 189 days (6.3 months) in the Pacific Ocean (Figure 37). 
The test site is located about 80 miles southwest of Port Hueneme, California. 
The initially sterile cylindrical test chambers containing control panels were 
filled with surface seawater (5.6 ml/| of 05) aboard ship prior to exposure 
in the deep sea. 


Figure 37. STU 1-5 structure with test specimens on deck of a ship. The STU 
was emplaced on the seafloor at a depth of 6,000 feet for a period 
of 6.3 months.. 


* Supported principally by Work Unit No. YF 38.005.01.008. 
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As soon as the STU structure was recovered from the sea and placed 
on the deck of the ship, the two test chambers containing control steel and 
aluminum alloy specimens were removed from the STU and water samples 
carefully collected from inside each chamber. The water samples were treated 
in different ways as follows: 


1. “Pickled” immediately with manganous sulfate solution and 
alkaline potassium iodide solution so that dissolved oxygen concentration 
could be determined later in the laboratory. 


2. About 10 ml of seawater was collected aseptically using sterile 
syringe for bacteriological tests and stored in the ship’s refrigerator for later 
evaluation. 


3. Water temperature and pH values were determined immediately 
aboard ship. 


4. Water samples were stored in glass containers for determination of 
salinity at the laboratory. 


The results of these tests are presented in Table 7. Seawater samples 
had been collected from a depth of 6,000 feet near the seafloor in the vicinity 
of the STU exposure site during previous oceanographic data collection cruises. 
The seawater analyses of these deep-ocean water samples were conducted 
aboard ship and the results obtained are presented in Table 7. 

As shown in Table 7, the dissolved oxygen concentration inside the 
cylindrical test chamber in which control panels were exposed was slightly 
higher than that in seawater samples collected at the seafloor in 6,000 feet of 
water. A small number of microorganisms (200/ml) were again found in 
seawater containing control panels. The microorganisms could be species of 
cellulose-decomposing marine bacteria. If so, these bacteria could have pene- 
trated the membrane filter which is made of cellulose ester. The effects of 
these bacteria on corrosion of control panels is not known. 

When the exposed steel and aluminum alloy specimens were examined 
immediately after recovery aboard ship, the test panels were found to be free 
of any fouling organisms, except for bacterial slime growth. The steel panels 
were covered with a moderately thick layer of red rust (Figure 38). When a 
small section of this red rust was removed, a bright metal surface was found 
underneath. The aluminum alloy panels, especially along the edges and ends, 
were covered with large masses of white aluminum oxide corrosion products 
(Figure 39). The flat surface area was relatively free of such corrosion products. 

The steel and aluminum alloy control panels which were protected 
inside the cylindrical test chambers were relatively free of corrosion products 
on their surfaces (Figure 40). 
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Figure 38. Exposed carbon steel specimens uniformly covered with a layer of 
red rust. Exposed on STU I-5. 


Figure 39. Exposed aluminum alloy panels; large amounts of white corrosion 
product had formed along the edges. Exposed on STU I-5. 
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Figure 40. Carbon steel and aluminum alloy control panels which were placed 
inside initially sterile cylindrical chambers sealed with membrane 
filters were relatively free of corrosion products. 


Examination of the exposed aluminum alloy panels after chemical 
cleaning revealed that the edges and ends of these panels were severely cor- 
roded (Figure 41). Crevice corrosion was also found around the holes 
underneath the nylon nuts and bolts. Only a trace of pitting corrosion had 
occurred over the surface area of the aluminum alloy panels. The exposed 
steel panels corroded uniformly without formation of any pits or any crevice 
corrosion on their surfaces. The control aluminum alloy panels were free of 
pitting corrosion on the surface and crevice corrosion around the bolt holes; 
however, there were traces of light corrosion along the edges and ends of 
these panels. The control steel panels corroded uniformly (Figures 41 and 
42). The corrosion rates of 1010 carbon steel and 7178-T6 aluminum alloy 
panels which had been exposed on the seafloor in 6,000 feet of water for a 
period of 189 days are presented in Table 7. This information is also plotted 
on Figures 35 and 36 so that the rates of biological corrosion which occurred 
at the surface and at depth can be compared. The data presented in Table 7, 
and Figures 35 and 36 show that bacterial slime growth and metabolic prod- 
ucts may have played a significant role in accelerating corrosion on the deep 
ocean floor. The corrosion rates for exposed carbon steel panels which were 
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Figure 41. Chemically cleaned aluminum alloy panels; pockets of deep corrosion 
had formed along the edges and ends of exposed panels (right). Such 
corrosion was absent from control panels (left). 


Figure 42. Chemically cleaned surfaces of carbon steel (left) and aluminum alloy 
(right) panels. Steel—Surfaces of both control and exposed panels 
corroded uniformly. Aluminum—Crevice and pitting corrosion were 
absent over control (short) panels. Crevice corrosion around bolt holes 
and trace of pitting corrosion were present over exposed (long) panel. 
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subjected to deep-ocean bacterial slime growth were slightly higher than for 
the control panels exposed at the surface of the sea. The slime-covered 
exposed aluminum alloy panels which were placed near the deep-ocean floor 
also corroded at a higher rate than the control panels which were exposed 
both at the surface and in the deep ocean, with low dissolved oxygen concen- 
tration present in all three cases. 

On the deep-ocean floor where the concentration of dissolved oxygen 
is low, the exposed aluminum panels corroded at a faster rate than the exposed 
carbon steel panels (Figures 35 and 36). 


Corrosion Rates—Surface Versus Deep-Ocean 


At the surface, materials submerged in the sea soon become heavily 
fouled with animal and plant growth. The principal fouling animals are 
barnacles, microorganisms, tunicates, hydroids, mussels, tubeworms, and 
bryozoans; the principal plants are algae and kelp. In the deep-ocean environ- 
ment, it has been found that a large number of bacteria inhabit the sediment, 
and these microorganisms have destroyed test samples of organic materials 
placed on the seafloor. These microorganisms also form heavy slime coatings 
over the surfaces of metallic as well as nonmetallic materials placed on the 
seafloor. It has also been found that attachment of other fouling organisms 
on materials at great depth is minimal. However, there are many marine wood 
boring molluscs present, even at depths of 6,800 feet, and these borers have 
destroyed untreated wood test specimens within a very short period. '5-16-17-18 

As shown in Tables 4 and 7, the seawater environment at the surface 
of the sea is considerably different from that at great depths. The corrosion 
rates of carbon steel and aluminum alloy test panels have varied significantly 
when panels have been placed in these different environments. 

After 189 days in the sea, the corrosion rate of exposed 1010 carbon 
steel panels exposed at the surface of the sea was 8.5 mpy (estimated from 
Figure 35) as compared to 1.34 mpy at depth. Reinhart!'? obtained compa- 
rable corrosion rate data for 1010 carbon steel exposed at the surface of the 
sea and at a depth of 6,000 feet. For 7178-T6 aluminum alloy, it was 8.2 mpy 
at the surface (estimated from Figure 36), compared to 3.65 mpy at depth. 
Since aluminum alloys corrode by the pitting rather than by the uniform 
surface corrosion, the prediction of performance by the extrapolation of 
corrosion rates calculated from weight loss data alone is not entirely satisfactory. 
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FINDINGS AND CONCLUSIONS 


1. The effect of marine fouling on corrosion of carbon steel and aluminum 
alloy panels exposed at the surface of the open sea was not definitely estab- 
lished by the experimental methods used in this current study because the 
initially sterile control specimens became contaminated with bacteria after 
immersion in the sea. 


2. Bacterial slime growth and its metabolic products apparently play a 
significant role in accelerating corrosion on the deep-ocean floor. 


3. The corrosion rates of exposed test panels placed in the sea at the surface 
were greater than for identical panels which were exposed on the seafloor in 
6,000 feet of water. 


4. The corrosion rates of both carbon steel and aluminum alloy panels 
approach constancy after 9 months of exposure in the sea. As shown in 
Figures 35 and 36 it can be expected that these corrosion rates will continue 
at this lower rate after extended period of exposure. 


FUTURE PLANS 


Additional test specimens of 1010 carbon steel and 7178-T6 aluminum 
alloy have been placed on aSTU (STU I-6) to determine the effects of biolog- 
ical organisms on corrosion. The STU was emplaced on the ocean floor at a 
depth of 6,000 feet of water on 3 December 1969 during the second quarter 
oF ley WO: 

If further controlled studies of marine corrosion processes (biological, 
chemical, and physical) are undertaken, microtechniques should be developed 
to study the various chemical reactions which occur at the microlayer immedi- 
ately above the surface of test specimens—for example, measure the oxygen 
concentration, pH, H,S concentration, temperature, current velocity, etc. at 
the metal—seawater interface. The effects of metabolic products and byprod- 
ucts of fouling organisms on corrosion should also be investigated. The control 
panels should be carefully protected from biological factors by specially 
designed sterile test chambers which would keep the test specimens free of 
fouling attachment including microorganisms but would continuously expose 
them to other parameters of the seawater environment. Such a study could 
be undertaken in the laboratory by pumping filtered seawater through a sterile 
test chamber sealed with membrane filters and containing test panels. The 
cylinder should first be tightly fitted inside a plastic tube so that seawater is 
pumped through the membrane filters. By using this method, the fresh 
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seawater flowing through the sterile chamber, can be analyzed periodically 

for dissolved oxygen concentration, salinity, pH, and for bacteria. The current 
velocity flowing through the chamber can be controlled. Identical test panels 
should be placed just outside the sterile test chamber so that marine microorga- 
nisms (slime film) will become attached to the panel. In addition, replicate 
test panels should be exposed In the open sea so that marine fouling organisms 
will become attached to the panels. The corrosion due to biological effects can 
then be determined by comparing the corrosion rates of the exposed panels to 
those of control panels. 
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